REPORT DOCUMENTATION PAGE Form Approved OMB NO. 0704-0188

The public reporting burden for this collection of information is estimated to average 1hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection of
information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
06-09-2011 Final Report 1-Oct-2007 - 31-May-2011
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Extending the Interaction Time of Linear and Ring-Shaped WI11INF-07-1-0671

Condensate Interferometers 5b. GRANT NUMBER

5¢c. PROGRAM ELEMENT NUMBER
7D10AL

6. AUTHORS 5d. PROJECT NUMBER
Charles A Sackett

Se. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES AND ADDRESSES 8. PERFORMING ORGANIZATION REPORT

University of Virginia NUMBER

Office of Sponsored Programs
The Rector and Visitors of the University of Virginia

Charlottesville, VA 22904 -4195
9. SPONSORING/MONITORING AGENCY NAME(S) AND 10. SPONSOR/MONITOR'S ACRONYM(S)
ADDRESS(ES) ARO

U.S. Army Research Office 11. SPONSOR/MONITOR'S REPORT
P.O. Box 12211 NUMBER(S)
Research Triangle Park, NC 27709-2211 54111-PH-DRP.12

12. DISTRIBUTION AVAILIBILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department
of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

Several experiments were performed to advance the development of condensate interferometry for the purposes of
inertial sensing. Key results include: 1) A novel bouncing-atom interferometer was developed which could permit
sensitive measurement of gravity and accelerations without requiring a large interaction volume. 2) A small but
scalable area-enclosing interferometer was demonstrated using magnetically confined atoms. 3) A new
Bose-Einstein condensation apparatus was constructed with a magnetic trap design optimized for inertial

15. SUBJECT TERMS

atom interferometry, Bose-Einstein condensate

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 15. NUMBER [19a. NAME OF RESPONSIBLE PERSON
a. REPORT |b. ABSTRACT |c. THIS PAGE ABSTRACT OF PAGES Charles Sackett

uu uu uu uu 19b. TELEPHONE NUMBER
434-924-6795

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. Z39.18



Report Title
Extending the Interaction Time of Linear and Ring-Shaped Condensate Interferometers

ABSTRACT

Several experiments were performed to advance the development of condensate interferometry for the purposes of inertial sensing. Key
results include: 1) A novel bouncing-atom interferometer was developed which could permit sensitive measurement of gravity and
accelerations without requiring a large interaction volume. 2) A small but scalable area-enclosing interferometer was demonstrated using
magnetically confined atoms. 3) A new Bose-Einstein condensation apparatus was constructed with a magnetic trap design optimized for
inertial measurements.
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Statement of Problem Studied:

Atom interferometry is a measurement technique in which the wave function of an atom is split into two parts that are

then spatially separated. While separate, the two parts develop different quantum phases, and when they are recombined,
the phase difference can be determined. The interferometer can be configured such that the phase difference is sensitive
to gravity, accelerations, and rotations of the system. Atom interferometers using atoms from an ordinary thermal
distribution have been used to produce some of the most sensitive accelerometers and gyroscopes on record.

One way that this performance could be improved even further is by using a Bose-Einstein condensate (BEC), rather than a
thermal gas. The atoms in a BEC share a common wave function, which make interference effects much easier to exhibit. In
particular, condensate atoms can readily produce interference even while confined in a trap. The can be useful, because
trapped atoms can be probed for a longer time than freely falling atoms. Also, the trap may induce the atoms to undergo
more complicated motion than is easily achieved with free atoms. Another advantage of BECs is that the atoms have an
exceedingly small range of velocities, which makes some types of manipulations more feasible.

Our group has been pursuing the development of BEC interferometers, and the goal of the current project was to determine

ways to further improve their performance. We acheived this goal by developing new interferometer schemes and by making
improvements to our apparatus.

Summary of Results:

Bouncing Interferometer - As described in Ref [1], we developed a novel atom interferometer scheme based on suspending
atoms using repeated pulses from a laser beam. We start by turning off our magnetic trap and dropping a condensate. The
atoms accelerate as they fall until they reach a momentum equal to half the momentum of a laser photon. We then turn on a
vertically oriented standing-wave laser such that each atom absorbs one photon, causing them to recoil upwards. Under
free fall, they turn around and start falling again. When they reach the appropriate velocity, we apply another laser

pulse, repeating the process. We were able to keep the atoms suspended for up to 100 bounces. Using a more complicated
arrangement of pulses, we successfully implemented an interferometer using the suspended atoms, in which the phase
difference between two packets was sensitive to gravity.

The performance of this interferometer was limited by technical imperfections, yielding a measurement accuracy of only a
several parts per million. Calculations suggest, however, that considerably better performance could be achieved. Compared to
other interferometry scheme for sensing gravity, our technique offers a major advantage because the atoms do not fall a
significant distance during the measurement. This substantially reduces the volume required for the measurement, and also
simplifies the measurement analysis because the variation in the strength of gravity over the measurement region is much
smaller.

Sagnac Interferometer - In order to measure rotations, the trajectories of the wave packets in an interferometer must enclose a
non-zero area. Our previous work had used only linear interferometers, in which the enclosed area was zero. We developed a
new technique in which the trapped atoms were driven to oscillate transversely in our magnetic guide, and then split with a
laser beam passing along the guide axis. The resulting trajectories did enclose an area. We were not, however, able to directly
measure the rotation sensitivity.

The performance of the Sagnac interferometer was limited, we believe, by fluctuations in the transverse motional amplitude. We
developed an improved scheme in which the transverse excitation is provided in a more controlled way using
laser manipulation. We have not yet implemented this technique, however.



Improved Linear Guide - Prior work had demonstrated that the linear interferometer configuration we normally use can be
limited by the flatness of the magnetic guide in which the atoms are confined. Our original guide had an approximately
harmonic axial potential providing an oscillation frequency of about 1 Hz. This limited the interaction time for our
measurements to about 70 ms. We constructed a new flatter guide which reduced the axial oscillation frequency to about 0.2
Hz. With this guide, we observe interference for up to about 150 ms. However, at longer times the interferometer becomes very
noisy, which we attribute to the effect of floor vibrations. We have obtained a high-performance active vibration isolation
system, but have not yet tested it with the interferometer.

Dual Interferometers for Vibration Cancellation - We have also explored a second technique for dealing with vibrational noise,
using dual interferometers. Here, a condensate is first split into two packets, and these packets are themselves split again. The
second splitting operation forms the start of the interferometer measurement, so that two measurements are performed at once.
Both interferometers use the same laser and trapping fields, so most environmental phases cancel out. A differential phase can
be applied in various ways. Perhaps the most interesting application is to have the packets traversing a Sagnac interferometer
path in opposite directions, so that the rotational phase is differential. This could substantially improve the performance of the
Sagnac interferometer.

Cylindrical Trap - We have make substantial progress on constructing a new apparatus designed for rotation measurements. It
will feature a cylindrically symmetric trap in which atom interferometers can be implemented using circular trajectories. Dual
interferometers will be used to eliminate vibrational noise. The laser, vacuum, and computer control systems have all be
implemented and tested. The actual trap structure is now being constructed.
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